We present a potential of which the short-distance part is given by one gluon exchange plus perturbative one-and two-loop corrections and of which the largedistance part exhibits a temperature-dependent constant value. The Schrödinger equation with this temperature-dependent potential yields a temperature dependence of the mesonic quark-antiquark relative-motion wave function and of meson masses. The temperature dependence of the potential, the wave function and the meson masses brings about temperature dependence of cross sections for the nonresonant reactions ππ → ρρ for I = 2, KK → K * K * for I = 1, KK * → K * K * for I = 1, πK → ρK * for I = 3/2, πK * → ρK * for I = 3/2, ρK → ρK * for I = 3/2 and πK * → ρK for I = 3/2. As the temperature increases, the rise or fall of peak cross sections is determined by the increased radii of initial mesons, the loosened bound states of final mesons, and the total-mass difference of the initial and final mesons. The temperature-dependent cross sections and meson masses are parametrized.
Introduction
In spite of scarce experimental data of cross sections for inelastic meson-meson scattering, these cross sections can be calculated from quark potential models, parton dis- quark-interchange mechanism [1, 2] in different quark potential models [3] [4] [5] [6] . The quarkinterchange models give the characteristic that cross sections for endothermic reactions first increase from threshold energies and then decrease as the center-of-mass energy of J/ψ and hadron increases. A very small low-energy nucleon-J/ψ break-up cross section was obtained by using the operator product expansion for the elastic scattering amplitude of J/ψ [7] [8] [9] . The dissociation cross section for π − J/ψ, evaluated in QCD sum rules [10] in the soft-pion limit, increases gradually in contrast to rapid growth near the threshold energy obtained in meson exchange [11] [12] [13] [14] [15] and quark interchange models [3] [4] [5] [6] .
In comparison to meson-J/ψ reactions, however, cross sections for inelastic scattering of a light meson by another light meson are rarely studied. Inelastic scattering between light mesons does occur in hadronic matter and the cross sections involved influence the time dependence of meson momentum distributions and flavor dependence of the measured momentum distributions at kinetic freeze-out. In order to understand this influence, the cross sections for inelastic scattering and their relevant characteristics must be studied.
Since hadronic matter produced in Au-Au collisions at the Relativistic Heavy Ion Collider mainly consists of pions, rhos and kaons [16] [17] [18] [19] [20] [21] [22] [23] , in this work we pay attention only to the nonresonant reactions of the four mesons π, ρ, K and K * , which are taken to be governed by quark-interchange processes. In Ref. [24] we have calculated in-vacuum cross sections for the nonresonant reactions ππ → ρρ for I = 2, KK → K * K * for I = 1, KK * → K * K on the center-of-mass energy √ s of the two initial mesons and the energy where the maximum of cross section occurs is mainly determined by the maximum of | P ′ | /s | P |, where P and P ′ are the momenta of the initial and final mesons in the center-of-mass frame, respectively. The endothermic reactions have maximum cross sections ranging from 0.47 mb to 1.41 mb. These cross sections are obtained with a quark-quark potential that includes the linear confinement and one-gluon-exchange potential plus perturbative one-and two-loop corrections [6] . At nonzero temperature the linear confinement is modified to become weaker. At a temperature below the critical temperature T c of the QCD phase transition, medium effects show up in the region where the quark-antiquark distance is larger than 0.3 fm [25] . When the quark-antiquark distance is large enough, the quark-antiquark potential at a given temperature becomes constant. This temperaturedependent potential must change the wave function of quark-antiquark relative motion in a meson and cross sections for inelastic meson-meson scattering are expected to change with temperature as well. Therefore, in this work we study the dependence of cross sections on the temperature for the nonresonant reactions ππ → ρρ for I = 2, KK → K * K * for
In Ref. [25] the heavy quark potential was assumed to be equal to the free energy of heavy quark-antiquark pair and the lattice calculations provided the temperature dependence of the potential. When the distance r between quark and antiquark is large enough, the potential at a given temperature exhibits a constant value and becomes a plateau.
This value depends on the temperature T and decreases with increasing temperature.
The constant value at large distances can be parametrized as
with D = 0.7 GeV and T c = 0.175 GeV. Here λ are the Gell-Mann matrices for the color generators. D is a fit parameter, but happens to equal the height of the plateau of
The relative color orientation of two constituents (quarks and antiquarks here) can be indicated by wave functions of the two constituents. The expectation value of
depends on the relative color orientation, so does the heavy quark potential given in Eq.
(1). The dependence of the potential on the relative color orientation is supported by hadronic physics and lattice calculations. We discuss evidence in the three cases: (a)
(a) Since the establishment of QCD the dependence of confinement with
on the relative color orientation has been widely used in hadronic physics, for instance, mesonbaryon scattering [26] and meson-meson scattering [5] . The expectation value of
is negative in the color singlet state and positive in any color octet state. This complies with the fact that the color singlet state is observed and the color octet states are not observed.
(b) When temperature is above T c , it is expected in Ref. [27] that the interaction in an antitriplet diquark system is only half as strong as in a color-singlet quark-antiquark system, i.e. obeys Casimir scaling, and the interaction depends on the relative color orientation.
(c) When temperature is between 0 and T c , the situation is complicated. From Figs. 15, 17 and 20 in Ref. [28] , we can derive that the color-singlet free energy does not equal the color-octet free energy at large distances in the region 0.907T c ≤ T < T c . It can also be expected from Fig. 3 of Ref. [27] that the interaction in an antitriplet diquark system is nearly half as strong as in a color-singlet quark-antiquark system, i.e. the interaction depends on the relative color orientation in the region 0.87T c ≤ T < T c .
Much attention has been paid to construction of the color octet potential from perturbative QCD and lattice data in the study of hybrid mesons. The color octet potential relies on the spatial extension of gluon field confined in hybrid mesons. In the string description the symmetry of the gluon field is labeled by the spins Σ, Π and ∆ about the axis connecting the quark and antiquark, a P C value and an additional reflection symmetry for Σ states. It was obtained in vacuum that the color octet potential is different with respect to different symmetries of the gluon field [29, 30] . Temperature dependence of the gluon field affects temperature dependence of the color octet potential. How does the gluon field confined in a meson depend on temperature at 0 < T < T c ? This is a difficult problem.
In summary, we still lack of the lattice study of the color octet potential at 0 < T < T c and the heavy quark potential depends on the relative color orientation.
The large-distance plateau of the heavy quark potential indicates the onset of string breaking at a certain distance [27] . The string breaking occurs when the energy stored in the string exceeds the mass of a light quark-antiquark pair [31] . The combination of the light quark and the heavy antiquark and the combination of the light antiquark and the heavy quark form open heavy flavors. When the temperature is higher, light mesons in medium more effectively take a kind of flip-flop recoupling of quark constituents [32] [33] [34] and string breaking occurs at a shorter distance. Hence, the plateau appears at a shorter distance and confinement gets weaker. Consequently, the wave function of the heavy quark-antiquark pair becomes wider in space.
However, uncertainty of the heavy quark potential exists because the potential is derived from Polyakov loop correlation functions. The Polyakov loop at the space coordinate 
where r =| r 1 − r 2 | and C is a normalization constant. The free energy leads to the internal energy by
The entropy S(T, r) = −∂F (T, r)/∂T is independent of r at large distances and depends on r at the other distances. If T S is small, U(T, r) ≈ F (T, r); otherwise, the internal energy deviates from the free energy. Taking the free energy as the heavy quark potential like Ref. [25] is an approximation. Then the internal energy was suggested in Refs. [35, 36] as the heavy quark potential. Very recently the heavy quark potential is argued to be the internal energy which is the expectation value of the difference of the Hamiltonians with and without the heavy quark-antiquark pair at rest [37, 38] , and this results in dissociation temperatures of heavy quarkonia that agree quite well with the values from lattice studies.
How to find the correct heavy quark potential is an important problem but has not been solved so far. It has been proposed that the heavy quark potential takes the form ξU(T, r) + (1 − ξ)F (T, r) where the quantity ξ is between 0 and 1 and was determined in models [39] [40] [41] [42] [43] [44] [45] . Since the present lattice calculations provide the internal energy U that includes the internal energy of the heavy quark-antiquark pair and the gluon internal energy difference U g (T, r) − U g0 (T ) where U g (T, r) and U g0 (T ) correspond to the gluon internal energies in the presence and absence of the heavy quark-antiquark pair, respectively, it was proposed by Wong [41] that the heavy quark potential should be
In the local energy-density approximation that adopts an equation of state for the quark-gluon plasma, the heavy quark potential can be represented as a linear combination of F and U. With F and U obtained in lattice calculations in quenched QCD, the potential gives spontaneous dissociation temperatures of heavy quarkonia that agree with those obtained from spectral analyses in quenched QCD [43] .
This is an improvement in comparison to the use of F as a potential. At very small distances r < 0.01 fm, the potential obtained from one-gluon exchange plus one-and two-loop corrections in perturbative QCD is [46] 
where γ E is the Euler's constant and w = ln(1/Λ 2 MS r 2 ) with the QCD scale parameter Λ MS determined by Eq. (2.13) in Ref. [46] .
An interpolation between the constant confinement at large distances given in Eq.
(1) and the spin-independent perturbative potential given in Eq. (4) produces a central spin-independent potential
where
and E = 0.6 GeV,
are fit parameters, and N f with the quark flavor number
. This potential is different from the parametrizations given by Digal et al. [39] and Wong [47] . The potential contains the dimensionless function [46] v
with K = 3/16π 2 α ′ , where Q is the absolute value of gluon momentum Q and ρ( Q 2 ) is given by Buchmüller and Tye [46] . The quantity ρ− K Q 2 arises from one-gluon exchange and perturbative one-and two-loop corrections. exp(−Er) is a medium modification factor to the potential of one-gluon exchange plus perturbative one-and two-loop corrections.
The temperature correction to the one-gluon-exchange potential with the limit shown in Eq. (4) is the difference between the second term in Eq. (5) probably not yet precise enough to reach sufficiently short distances. Hence, a latticebased potential has a degree of freedom in choosing its form at short distances. We construct the potential in Eq. (5) from the fact that the quark-quark interaction at r < 0.01 fm originates from one-gluon exchange plus loop corrections in perturbative QCD. The degree of freedom is removed at r < 0.01 fm.
The medium screening obtained in the lattice gauge calculations at present affects only the central spin-independent potential. This allows us to keep using the spin-spin interaction relevant to perturbative QCD, as done by Wong [47] . In our work, the spin-spin interaction arises not only from one-gluon exchange but also from perturbative oneand two-loop corrections [6] 
where s a and m a are the spin and mass of constituent quarks or antiquarks labeled as a,
respectively. This expression of the spin-spin interaction comes from the application of Eq.
(7e) in the transformed Hamiltonian obtained by Chraplyvy [54] from the two-constituent
Hamiltonian that includes the relativistic potential originating from one-gluon exchange plus perturbative one-and two-loop corrections [6] . The transformed Hamiltonian was obtained from an application of the Foldy-Wouthuysen canonical transformation to a relativistic two-particle Hamiltonian. The spin-spin interaction is related to the terms of the direct product of two Dirac α matrices [55] in the relativistic potential. 
where Rsatisfies the normalization condition The spin-averaged mass of a spin-0 meson and a spin-1 meson with the same isospin is one-fourth of the spin-0 meson mass plus three-fourths of the spin-1 meson mass [3] . In Table 1 we list vacuum masses of π, ρ, K and K * , the spin-averaged mass m πρ of π and ρ and the one m KK * of K and K * . The theoretical values of m πρ , m KK * , m ρ , m K and m K * approach the corresponding experimental data. The pion mass from our calculations almost doubles the experimental value. These are understandable. The potential given in Eq. (5) has the behavior of tanh(Ar) at large distances and cannot mimic the linear confinement. In vacuum the pion with the lightest mass among mesons has the largest radius and is sensitive to the potential behavior at large distances. Therefore, the experimental datum of pion mass must differ from the value derived from the potential. For ρ, K and K * with masses larger than π, less sensitivity to the potential behavior at large distances does not lead to a large separation of the experimental and theoretical masses.
If the theoretical pion mass is used, cross sections for pions in collisions with mesons are not reliable. Hence, the experimental values of meson masses are used in calculating meson-meson cross sections at T = 0 GeV in this work and, as will see, the cross sections are similar to those obtained from the potential with the linear confinement in Ref. [24] .
If the quark masses are set equal to zero, the QCD Hamiltonian is symmetric under the chiral group SU(3)×SU(3). Although the spontaneous breakdown of the chiral symmetry is widely expected, the problem of calculating the spontaneous chiral symmetry breaking in QCD has not yet been satisfactorily solved [56, 57] . However, the spontaneous symmetry breaking can be related to the quark condensate which vanishes in perturbative QCD and does not equal zero in the non-perturbative region. With the explicit breakdown of the chiral symmetry due to the current quark masses, the square of pion mass is proportional to the product of the quark condensate and the sum of the up and down quark masses at the lowest order in chiral perturbation theory. Therefore, the small pion mass comes from the small quark masses and the non-vanishing quark condensate in the non-perturbative region where confinement sets in. While only the spontaneous symmetry breaking occurs, Goldstone bosons and quarks are massless and the soft-pion theorems obtained in the vanishing pion four-momentum are exact [58] . While the explicit chiral symmetry breaking also occurs, bosons get masses and the soft-pion theorems become approximate. The deviation of the theorems from the experimental data has been studied in chiral perturbation theory and the soft-pion theorems have been corrected [59] [60] [61] [62] . In our work all the mesons in the ground-state pseudoscalar octet and the ground-state vector nonet are assumed to take the same spatial wave function of quark-antiquark relative motion as the pion and rho mesons, but the quark masses are the constituent masses which are much larger than the current quark masses used in chiral perturbation theory. The constituent quark masses show the explicit chiral symmetry breaking so that mesons get masses and the soft-pion theorems are violated. The cross sections that we will obtain from the constituent quark masses and the nonzero meson masses must deviate from the cross sections obtained from vanishing masses of quarks and mesons. Therefore, the deviation of our results from the soft-pion theorems should be expected.
Formulas for cross sections
Let m i and P i = (E i , P i ) be the mass and the four-momentum of meson i (i = q 1q1 , q 2q2 , q 1q2 , q 2q1 ), respectively. The Mandelstam variables for the reaction A(
In the center-of-mass frame the meson A(q 1 q 1 ) has the momentum P = P q 1q1 = − P q 2q2 and the meson C(q 1 q 2 ) has the momentum P ′ = P q 1q2 = − P q 2q1 . P and P ′ are expressed in terms of s by
Denote the angle between P and P ′ by θ. The cross section for A(
This formula provides the dependence on the total energy √ s of the two initial mesons in the center-of-mass frame and is valid for the interchange of the two quarks (q 1 and 
where ψ ab ( p ab ) is the product of color, spin, flavor and momentum-space wave functions of the relative motion of constituents a and b and satisfies
The relative momentum of a and b is p ab . Scattering in the post form means that the quark or antiquark interchange is followed by gluon exchange. The transition amplitude in the post form is [24] 
The transition amplitudes in the prior form and in the post form are equal to one another when the potential and the wave function of quark-antiquark relative motion are those used in the Schrödinger equation [63] [64] [65] . Otherwise, M 
Therefore, the post-prior discrepancy occurs in our calculations. We take the average of the cross section in the prior form and the one in the post form. Each of the two cross sections related to the prior form and the post form is the unpolarized cross section obtained from the cross section in Eq. (14)
where S A and S B are the spins of A and B, respectively, and S is the total spin of the two mesons allowed by the reaction A + B → C + D. The cross section σ unpol ( √ s) is independent of the magnetic projection quantum number m S of S.
Numerical results and discussions
The nonet. When the temperature increases, the peak of r times the S-wave radial wave function, rR(T, r), moves to larger quark-antiquark distances and the meson's root-meansquare radius increases. This reflects the phenomenon that with increasing temperature any bound state becomes looser and looser while confinement gets weaker, i.e. the poten-tial plateau at large distances decreases with increasing temperature and a higher plateau begins at a larger distance.
Another consequence of the temperature-dependent potential in Eq. (5) is that masses of π, ρ, K and K * decrease with increasing temperature in the region 0.6 ≤ T /T c ≤ 0.99.
The mass splitting of a spin-0 meson and a spin-1 meson with the same isospin is calculated according to
The spin-averaged mass of a spin-0 meson and a spin-1 meson with the same isospin is one-fourth of the spin-0 meson mass plus three-fourths of the spin-1 meson mass [3] . 
Time-consuming computations determine values of the parameters a 1 , b 1 , c 1 , a 2 , b 2 and c 2 , which are shown in Tables 2 and 3 .
At the threshold energy of an endothermic reaction at a given temperature the momenta of final mesons in the center-of-mass frame equal zero. It is shown by Eqs. (12) and (13) and increasing E in Eq. (7) by 10% while the second set (named Set II) is obtained by increasing A in Eq. (6) by 5% and reducing E in Eq. (7) by 10%. The two new sets give good fits to the lattice gauge results. Mass splittings at T = 0 GeV and meson masses at five temperatures resulted from the two sets are listed in Tables 4 and 5 , respectively.
The change of the mass splittings or of the meson masses from Eqs. (6) and (7) Tables 6-8 . From Fig. 10 we note that the peak cross sections obtained in the two forms at a given temperature may not correspond to the same center-of-mass energy.
Summary
We have given the temperature-dependent central-spin-independent potential that interpolates between the perturbative-QCD potential with loop corrections at short distances and the potential data offered by lattice gauge calculations at large distances. From the potential we obtain: (1) experimental mass splittings of the ground-state mesons with the same isospin when the masses of up, down and strange quarks are determined; (2) meson masses that decrease from T /T c = 0.6 to 0.99; (3) the wave function of quarkantiquark relative motion that occupies a larger volume at a higher temperature. In the quark-interchange mechanism we have obtained cross sections for seven nonresonant reactions ππ → ρρ for I = 2, KK → K * K * for I = 1, KK * → K * K * for I = 1, πK → ρK * for I = 3/2, πK * → ρK * for I = 3/2, ρK → ρK * for I = 3/2 and πK * → ρK for I = 3/2. The temperature dependence of the cross sections is determined by the temperature dependence of the potential, the quark-antiquark wave function and the meson masses. Peak cross sections are affected by three factors: larger sizes of initial mesons at a higher temperature give larger peak cross sections, looser bound states of final mesons at a higher temperature lead to smaller peak cross sections, and a smaller total-mass difference of the initial mesons and the final mesons yields larger peak cross sections. The numerical cross sections are parametrized for future studies.
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